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Abstract
• Introduction Non-structural carbohydrates and phenolic compounds are implicated in the natural durability of wood. In order to find the chemical traits of natural durability in teak wood, the radial distribution of phenolics compounds and non-structural carbohydrates were studied in trees ranked by contrasting natural durability class against Antrodia sp.
• Methods Non-structural carbohydrates were analyzed by spectrophotometry after enzymatic assays and phenolics compounds using HPLC.
• Results High concentrations of starch, sucrose, glucose, and fructose were found in the sapwood, whereas only trace amounts were found in the heartwood. In the sapwood, low concentrations of H1 (a hydroxycinnamic acid derivative) were specifically detected. Tectoquinone was also detected in the sapwood but its content increased dramatically in the heartwood. 2-(Hydroxymethyl)anthraquinone and P1, an unidentified compound, were only detected in the heartwood and at high concentrations (>3 mg equivalent 5-methoxyflavone g −1 dry weight. Lower concentrations of 1,4-naphthoquinone, anthraquinone-2-carboxylic acid, and lapachol were also only detected in the heartwood. H1 and tectoquinone present in the sapwood could be considered as phenolic precursors of the synthesis of heartwood toxic phenolics in the heartwood.
• Conclusion Correlations between natural durability and chemical composition of heartwood (quinone derivatives, P1, and non-structural carbohydrates) suggest that P1, 2-(hydroxymethyl)anthraquinone and tectoquinone could be natural durability traits. Heartwood extractives,
Introduction
Tectona grandis L. f. (teak) grows naturally throughout southeastern Asia. It is one of the most valuable tropical hardwood species on the international market. Teak timber is prized for its workability and high natural durability (Pandey and Brown 2000) , which make it suitable for different purposes including house construction, shipbuilding, furniture making, poles, veneer, and carvings. Traditionally, teak plantations were managed on rotations of 60 to 80 years. With the increasing population and pressure on land tenure and the involvement of private industry, teak plantations are increasingly managed on shortened rotations. This practice induces a high variability in wood properties such as color and natural durability (Bhat and Florence 2003; Kokutse et al. 2006) . Natural durability is an important feature of wood which mainly determines its use, and variability has been observed both within and between trees. In teak, natural durability is ascribed to the presence of toxic extractives mainly quinone (Da Costa et al. 1958; Haluk et al. 2001) . Previous studies suggested that extractives are formed from reserves materials (Datta and Kumar 1987; Nobuchi et al. 1996) . Difference in natural durability may be related to the concentrations of non-structural carbohydrates (NSC) and toxic extractives which are synthesized during heartwood formation (Magel et al. 1997) .
Heartwood formation is the specific process that transforms sapwood into heartwood. In temperate species, this process is well documented (Magel et al. 1994 (Magel et al. , 2001 ), whereas it is poorly understood in tropical species. In teak, heartwood formation starts when trees are 6 to 8 years old, continues until 30-35 years, and then slows down (Kokutse et al. 2004) . Based on histochemical methods, it has been shown that metabolic activities throughout the sapwood and within the transition zone lead to the biosynthesis of heartwood extractives from reserve materials (Datta and Kumar 1987; Nobuchi et al. 1996) . Until now, classic approaches based on the radial distribution of extractives in the sapwood to heartwood were developed for teak to determine chemical traits related to its natural durability against insects (Lukmandaru and Takahashi 2009; Bhat et al. 2005) . This led to phenolic structures as anthraquinones and naphthoquinones being identified as important for natural durability. However, no reliable information was provided to better understand the origin of natural durability through the transformation of non-structural carbohydrates into phenolic compounds accumulated in the heartwood after wood drying. To our knowledge, quantitative data concerning the biochemical aspects of heartwood formation in teak are not available. Therefore, this paper focuses on the radial distribution of non-structural carbohydrates and phenolic compounds with reference to wood samples collected from teak trees ranking by contrasting levels of heartwood decay resistance (class 1 to class 3). In order to identify the phenolic compounds responsible for natural durability assessed by fungal tests, and to know if non-structural carbohydrates could modify the wood protection, correlations between decay resistance and biochemical attributes (phenolic compounds and non-structural carbohydrates) were investigated. While residual nonstructural carbohydrates do not alter the heartwood decay resistance, two newly identified phenolic compounds are related to heartwood formation and wood protection against fungi.
Materials and methods

Plant material
Six trees of teak (Table 1 , step 1) were harvested in Malaysia. One log of 40 cm length was cut at breast height for each tree. A transversal wood slice was removed from the wood log ( Fig. 1) . From well-characterized slice, four wood blocks (25×25×10 mm, radial, transversal, and longitudinal directions, respectively) were taken successively from the sapwood to the pith: sapwood (SW), outer heartwood (OHW), middle heartwood (MHW), and inner heartwood (IHW; Fig. 1 , step 1; Table 1 ) at a relative distance along the length of the radius of 0.9, 0.6, 0.4, and 0.15, respectively. These wood samples were used for the chemical analyses. For the decay test, a long slice in the outer heartwood was used to obtain 12 wood samples (25× 15×50 mm, radial, transversal, and longitudinal directions, respectively): six for the decay test and six for the determination of moisture content (Fig. 1, step 2 ). All the wood samples were conditioned in a climatic room (humidity, 65±5%, temperature 20±1°C) until their use.
Wood decay tests
Natural durability bioassays against Antrodia sp. and the durability rating were assessed according to European standards EN 350-1 (AFNOR 1994) and EN 113 (AFNOR 1996) . For each tree, six wood samples (a total of 36 samples) were weighed (M1), sterilized (gamma ray), and then exposed to the fungi under controlled conditions (21°C and 70% RH). Ten additional samples (25×15×50 mm in the radial, the tangential, and the longitudinal directions; Fig. 1 ) of Pinus sylvestris (control) were used to test fungal virulence. After exposure for 16 weeks, mycelium was removed from the wood blocks, and the samples were dried at 103°C to constant mass to determine the oven dry mass (M0f). The other six wood samples from the strip were not exposed to the fungi and dried to 103°C until constant mass to obtain the mean moisture content (MC). This was then used to calculate the initial dry mass (M0i) of each wood block tests. The percentage of mass loss (ML) based on dry weight (M0i) was calculated according to the equations below.
where M0i is the initial dry mass of the wood block tests, M1 is the initial conditioned mass, MC is the moisture content, and M0f is the dry mass of the sample after exposure to the fungus. The mean mass loss was used to determine the natural durability classes for each tree.
Chemical analyses
The authentic compounds: 2-(hydroxymethyl)anthraquinone and 1,4-naphthoquinone were purchased from Fluka (Switzerland); 2-methylanthraquinone (tectoquinone), 2-hydroxy 3 [3 methyl-2-butenyl] 1,4-naphthoquinone (lapachol), anthraquinone-2-carboxylic acid, and gluconolactone were obtained from Aldrich (Steinheim, Germany); and 5-methoxyflavone was obtained from Alfa Aesar (Karlsruhe, Germany). All the solvents (acetone, ethanol, and methanol) used in this study were HPLC grade.
Extraction and analysis of phenolic compounds
The wood samples used for chemical analyses (Fig. 1 The quantification of the main soluble phenolic compounds and the authentic compounds from quinone family were performed at 254 nm. Their contents were expressed as mg equivalent 5-methoxyflavone g −1 dry weight (dw). The coefficient of variation of the extraction, separation, and measurement procedure determined from six replicates of the same powder from each radial position never exceeded 8%.
Extraction and analysis of non-structural carbohydrates
Wood powder (50 mg) was extracted three times (30 min at 90°C) with 1 mL of ethanol/water (80:20, v/v) and centrifuged. After treatment with 800 μL of polyvinylpolypyrrolidone and 400 μL of activated charcoal, the filtered aliquots were dried under nitrogen flow concentrator (TECHNE Dri-Block DB-3, Nemours, France). The dry extract was dissolved in 1 mL of pure water and used for measurements. Starch was hydrolyzed from the remaining residue with 1 mL of 0.02 M sodium hydroxide (1 h, 90°C). The treated residue was then hydrolyzed into glucose with α-amyloglucosidase (E.C. 3.2.1.3; 7U; Fluka). After incubation for 1 h at 50°C, 50 μL aliquots were assayed for glucose as described by Silpi et al. (2007) . The major NSC (starch, glucose, fructose, and sucrose) were measured enzymatically by UV methods as described by Silpi et al. (2007) with a spectrophotometer (Bio-Tek Instruments, Colmar, France). NSC content is expressed as μmol g −1 dw. Starch content is expressed as μmol bond glucose g −1 dw. The coefficient of variation of the extraction and measurement procedure determined from three independent replicates of the same powder never exceeded 8%.
Step 2 Step 1) and natural durability measures (
Step 2). Transverse slices were sawn from stem discs from the different trees. White or black rectangles in the diagram indicate wood samples. Wood samples were collected from sapwood (SW), outer heartwood (OHW), middle heartwood (MHW), and inner heartwood (IHW). Another wood slice was collected longitudinally in the outer heartwood for natural durability assessment 2.6 Statistical analysis XLSTAT software (Paris, France) was used for the statistical analyses. The Mann-Whitney non-parametric test was used for data which were not normally distributed to determine significant differences of non-structural carbohydrate and phenolic compound contents. Differences were determined within the radial position between sapwood and outer heartwood, between outer heartwood and middle heartwood, and between middle heartwood and inner heartwood. The non-parametric Kruskal-Wallis test was used to test the main effects of radial position and tree. The relationships between mass loss and phenolic compounds and between mass loss and non-structural carbohydrates were studied using the nonparametric Spearman correlation. Values were considered to be statistically significant at p<0.05.
Results
Radial distribution of NSC
Starch content (72 μmol bond glucose g −1 dw; Fig. 2 ) was six times higher than monomeric and dimeric non-structural carbohydrates in the sapwood. The heartwood is not free of non-structural carbohydrate; low concentrations of starch were found in outer heartwood and the content of starch decreased with distance into the heartwood. Glucose (12 μmol g −1 dw) and fructose (13 μmol g −1 dw) were the main soluble NSC in teak sapwood (Fig. 2) relative to sucrose (4 μmol g −1 dw).
The NSC content in teak wood was compared between six individual trees. In the sapwood, the individual pattern of soluble NSC for each tree (starch > glucose, fructose > sucrose) was similar to that of the general pattern. From a quantitative point of view, polymeric NSC (sucrose and starch) contents in wood varied between trees (H=12.04, p< 0.001; Table 2 ) whereas no significant difference was found in the content of glucose and fructose.
Radial distribution of phenolic compounds
Quinones were detected and characterized by cochromatography with their standards and their UV spectra. Unidentified compounds were characterized by their retention time and UV spectra. Quantitative results of individual quinones and phenolic compounds were described in Fig. 2 . In sapwood, two main phenolic compounds were detected: H1 a hydroxycinnamic acid derivative (retention time 9.74 min, maximum absorption (l max)=329 nm) and tectoquinone (retention time 34 min and l max=255 nm). Relatively, low concentrations of phenolic compounds were found in sapwood compared to heartwood (Fig. 3) . Tectoquinone was detected in both sapwood and heartwood. Its content increased abruptly from the sapwood to the outer heartwood where it peaked (7.9 mg equivalent 5-methoxyflavone g −1 dw) and decreased from the outer to the inner heartwood (6.0 mg equivalent 5-methoxyflavone g −1 dw). It represented 0.3% to 0.5% w/w dw in the heartwood. Along with tectoquinone, two other major phenolic compounds were detected in heartwood alone: an unknown compound named P1 (retention time 9.74 min, l max=249 nm) and 2-(hydroxymethyl)anthraquinone (retention time 27.67 min, λ max=254 nm). These compounds were not detected in the sapwood, but were accumulated in heartwood. 2-(Hydroxymethyl)anthraquinone (3.0 mg equivalent 5-methoxyflavone g −1 dw, Fig. 3) and P1 (3.5 mg equivalent 5-methoxyflavone g −1 dw, Fig. 3) contents were higher in the outer heartwood than in the other parts of the tree. Table 2 Quantitative variations between trees in the content of phenolic compounds (hydroxycinnamic acid derivative H1, the unknown compound P1, tectoquinone, 2-hydroxymethylantraquinone, 1,4 naphthoquinone, anthraquinone-2-carboxylic acid, and lapachol) contents expressed as mg equivalent 5-methoxyflavone g Minor compounds (<0.6 mg equivalent 5-methoxyflavone g −1 dw): 1,4-naphthoquinone (retention time 24.60 min, l max=256 nm), anthraquinone-2-carboxylic acid (retention time 29.50 min, l max=255 nm), and lapachol (retention time 33.60 min, l max=250 nm) were not detected in the sapwood. As these two latter compounds were detected in the sapwood of a 37-year-old teak wood (data not shown), their synthesis may be treeage-dependent. In the heartwood, 1,4-naphthoquinone, anthraquinone-2-carboxylic acid, and lapachol (Fig. 3) contents were, respectively, of 0.13, 0.54, and 0.26 mg equivalent 5-methoxyflavone g −1 dw. While 1,4-naphthoquinone and lapachol contents varied in the heartwood, no statistical differences (p > 0.05) were observed in anthraquinone-2-carboxylic acid content throughout the heartwood. We observed that in our sampling, the content of all studied compounds (H1, P1, tectoquinone, 2-(hydroxymethyl)anthraquinone, anthraquinone-2-carboxylic acid, and lapachol) were significantly affected at tree level (H=32.12; p<0.0001) and also at radial position level (H=30.30; p<0.0001).
Decay resistance and its relationship with chemical compounds
The mean mass loss determined with pine wood samples was 28%. This value was higher than the minimum value recommended by the European standard EN 350-1 (AFNOR 1994) and validated the decay test. The mass losses caused by Antrodia sp. in the teak samples ranged from 0.1% (tree 1; class 1 highly resistant) to 14.5% (tree 6; class 3 moderately resistant) indicating a high degree of variability among the six trees (Table 2 ). In order to determine the chemical compounds related to decay resistance, their correlations with mass loss were determined using the Spearman correlation test. In heartwood, non-structural carbohydrates (glucose and starch) were negatively correlated to mass loss (r=−0.43): lower mass losses are associated with higher amounts of starch or glucose. High negative Spearman correlations were found between phenolic compounds and mass loss (r=−0.79 to −0.90) indicating that mass loss decreased with an increase in phenolic content (Table 3 ). The Spearman correlation was as follows, in decreasing order: P1 (r= −0.9) > 2-(hydroxymethyl)anthraquinone (r= −0.82) > tectoquinone (r=−0,71). Thus, these compounds could explain the high inter-tree decay resistance (Table 2) . Conversely, 1,4-naphthoquinone, anthraquinone-2-carboxylic acid, and lapachol contents were not correlated with decay resistance (Table 3) Values are mean of four separate analyses for sapwood and heartwood for trees 1, 2, 3, 5, and 6 (except for the tree 6 where two samples of middle heartwood were collected) and three separate analyses for sapwood and heartwood except for trees 4. Standard deviations are in brackets (nd = not determined)
Discussion
In teak, the main non-structural carbohydrates are starch and soluble non-structural carbohydrates (glucose, fructose, and sucrose). Starch was found to be the main available reserve carbohydrate in sapwood as previously shown in teak from Thailand by Nobuchi et al. (2005) who used histochemical observations. Starch content was six times higher than monomeric and dimeric NSC in sapwood. The main forms of soluble NSC were glucose, fructose, and sucrose, as usually found in woody species such as Fagus sylvatica and Cornus sericea (Ashworth et al. 1993) . Stachyose, raffinose, and two unidentified NSC were also detected by thin layer chromatography in the sapwood of teak from the same samples (data not shown). NSC contents decreased dramatically from sapwood to heartwood. In the heartwood, trace amounts of NSC were found. The drastic decrease in NSC contents from the sapwood to the heartwood suggests that NSC are metabolized at the sapwood-heartwood boundary. In this zone, starch and sucrose could be hydrolyzed by their metabolizing enzymes such as amyloglucosidase, sucrose synthase (Susy), and invertases for metabolic activities (Hauch and Magel 1998) . However, we cannot exclude the possibility that the low NSC contents found in teak may be caused by NSC degradation due to collection and storing of the wood samples. The radial distribution observed for NSC in the stem wood indicates that NSC could play a key role in the synthesis of heartwood extractives and their accumulation during heartwood formation in teak (Datta and Kumar 1987; Nobuchi et al. 2005) . NSC are likely to be the major source of carbon skeletons for the synthesis of heartwood extractives, as previously postulated by Hillis and Hasegawa (1963) , and for metabolic activities (respiration, photosynthesis, cambial activities).
In teak, extractives are mainly phenolic compounds from the quinone group. From previous studies, it has been shown that teak extractives are responsible for the decay resistance property (Rudman and Gay 1963; Lukmandaru and Takahashi 2009 ). This conclusion was based on the correlations between quinone derivatives and natural durability against termite attack. In order to study the chemical traits of decay resistance in teak wood, we used HPLC to analyze quinone derivatives (naphthoquinones and anthraquinones) and unidentified phenolic compounds.
In the sapwood, the main phenolic compounds were tectoquinone and the hydroxycinnamic acid derivative H1. Our results differ from those of Lukmandaru and Takahashi (2009) who found more than two main compounds (tectoquinone, lapachol, desoxylapachol, and its isomer, tectol, squalene, and palmitic acid and two unknown compounds) in Java teak sapwood using ethanol-benzene extract analyzed by gas chromatography.
In heartwood, tectoquinone was the main phenolic compound and its content in the outer heartwood was higher than 0.20% reported for the same part of 8-year-old teak from Java (Lukmandaru and Takahashi, 2009) . However, it is in good accordance with that reported for 35-years old teak from Nilambour, Kerala (Thulasidas and Bhat 2007) . Tectoquinone content, however, is approxi- mately two times lower than that found in 30-year-old teak from Panama (Windeisen et al. 2003) . Along with tectoquinone, P1 and 2-(hydroxymethyl)anthraquinone were the main phenolic compounds found in teak heartwood. Their content varied in the heartwood with the lower P1 and 2-(hydroxymethyl)anthraquinone content in the inner heartwood probably being due to juvenile wood rather than aging. This is supported by Lukmandaru and Takahashi (2009) who observed that no aging or detoxification of extractives occurs in teak before 51 years. Other minor compounds (1,4-naphthoquinone, anthraquinone-2-carboxylic acid, and lapachol) were also found in the heartwood. The amount of 1,4-naphthoquinone (0.02% w/ w dw) determined in this study was less than the value of circa 1.3% reported for 35-year-old Indian teak by Thulasidas and Bhat (2007) , who used semi-quantitative thin layer chromatography. Differences were also observed for lapachol in measurements on Javanese teak, where this compound was shown to be one of the major heartwood compounds (Lukumandaru and Takahashi, 2009 ). The radial pattern of phenolic compounds shows that compounds such as P1, 1,4-naphthoquinone, anthraquinone-2-carboxylic acid, and lapachol were detected only in the heartwood. As lapachol, anthraquinone-2-carboxylic acid, and 2-(hydroxymethyl)anthraquinone were also detected in the sapwood of 37-year-old teak wood (data not shown), P1 (unknown structure) and 1,4-naphthoquinone biosynthesis could be related to heartwood formation process and could play a key role in the decay resistance of teak. The differences in content of phenolic compounds in teak wood from different localities (Malaysia, Java, or Kerala) could possibly be the result of methods used and environment (climate, soil quality, etc.) or genetic factors as previously suggested by Thulasidas and Bhat (2007) . As generally observed, the majority of teak heartwood extractives were synthesized in the aging sapwood (at the transition zone) and the highest extractive contents were observed in the outer heartwood. Indeed, a low concentration of tectoquinone was found in the sapwood, whilst it was the most abundant phenolic compound in the heartwood. With the presence of tectoquinone and H1 in sapwood and the absence of H1 in heartwood, we cannot exclude that they could be the phenolic precursors for the synthesis of heartwood phenolics. This observation was also made for hydrojuglone glucoside, the precursor of juglone, and its polymers in the heartwood of Juglans nigra (Burtin et al. 1998) and to a lesser extent, for dihydrorobinetin, the precursor of robinetin synthesis in Robinia pseudoacacia (Magel et al. 1994) . Furthermore, other phenolics such as the unknown compound P1 and 1,4-naphthoquinone were found especially in the heartwood of teak. This is also the case for robinetin and the hydroxycinnamic acid derivative in R. pseudoacacia. Sandermann Table 3 Non-parametric Spearman correlation coefficients between mass losses and chemical compounds (glucose, fructose, sucrose, starch, the unknown compound P1, 1,4-naphthoquinone, 2-(hydroxymethyl)anthraquinone, anthraquinone-2-carboxylic, lapachol, and tectoquinone) in Malaysian teak and Simatupang (1968) suggested that desoxylapachol (which was not detected in our samples) is a precursor for the biosynthesis of naphthoquinones and anthraquinones found in teak wood. Furthermore, it exhibits high fungicidal and anti-termite activities. As this compound has been found in both sapwood and heartwood (Lukmandaru and Takahashi 2009 ), we do not believe that it corresponds to either H1 or P1. Many studies of decay resistance variability have shown that in the radial profile, the outer heartwood is more resistant compared to other parts of the wood (Bhat and Florence 2003; Kokutse et al. 2006 ). In addition, native compounds responsible for the decay resistance were present in the outer heartwood which was not subjected to aging like the inner heartwood. Since the trees in our sample were relatively young (5.5-10 years old), we chose to study decay resistance in the outer heartwood. The outer heartwood decay resistance in these younger trees corresponded to that of inner heartwood in mature trees as observed by Bhat and Florence (2003) . In our samples, a high variability of decay resistance was found. The results are in good agreement with those obtained by Bhat and Florence (2003) with Indian teak. These authors showed that the youngest trees (5 years) were less resistant (class 3, moderately resistant) than oldest ones (13 years) which were highly resistant (class 1) or resistant (class 2) to various fungi. The high variability of decay resistance in teak could be linked to the content of both non-structural carbohydrates and phenolic compounds. In heartwood, lower mass losses were associated with higher amounts of starch or glucose. These results are in agreement with those obtained by Windeisen et al. (2003) who showed that the sapwood of teak from Panama is not resistant despite the presence of toxic compounds, due to the low content of these compounds and the high amount of sugars. However, the degree of correlation (r=−0.43) remained low and could explain the fact that low content of starch and glucose in the heartwood did not affect decay resistance in teak. Additionally, the status of non-structural carbohydrates in heartwood is not the only parameter influencing decay resistance in the wood. The content of toxic extractives affected decay resistance (Haluk et al. 2001) as observed in the present study. P1, 2-(hydroxymethyl)anthraquinone, and tectoquinone were found to be highly correlated with decay resistance. These results indicate that they may be the major chemical compounds responsible for the natural durability against Antrodia sp. Since a high correlation was observed with P1, its chemical characterization and biological activity against fungi and/or termites should provide reliable information concerning the origin of natural durability. Moreover, our results confirm less precise methods such as global fraction bioactivity, used in the assessment of the tectoquinone-containing fraction.
This compound was also found to be responsible for decay resistance in teak (Haupt et al. 2003; Haluk et al. 2001) . These results are supported by previous studies and confirm the role of tectoquinone in decay resistance (Sumthong et al. 2006; Haupt et al. 2003 ). However, from other studies, it was found that 1,4-naphthoquinone is the most important compound responsible for decay resistance in teak (Thulasidas and Bhat 2007) . These contradictions show that searching for decay resistance traits is a complex activity and requires more in-depth investigations. Other components, such as caoutchouc and squalene, may also act as physical or chemical (hydrophobic) barriers contributing to the decay resistance of teak (Yamamoto et al. 1998; Lukmandaru and Takahashi 2009) .
Finally, the use of broad-scale sampling would be valuable to confirm the chemical and drying process, involved in the natural durability of teak wood. More data concerning the natural durability of teak is required and could be used to find indirect tools for the assessment of decay resistance in this species.
Conclusion
To identify natural durability traits in teak, we studied the radial distribution of non-structural carbohydrates and soluble phenolic compounds in trees with varying natural durability levels. In sapwood, we characterized H1, an hydroxycinnamic acid derivative and tectoquinone. In heartwood, three anthraquinones (tectoquinone, 2-(hydroxymethyl)anthraquinone, and anthraquinone-2-carboxylic acid), two naphthoquinones (1,4-naphthoquinone and lapachol), and an unidentified compound named P1 were detected. We found a strong correlation between decay resistance and specific phenolics (P1, 2-(hydroxymethyl)anthraquinone, and tectoquinone) in heartwood. Conversely, no strong correlation could be established with NSC, showing that NSC, along with phenolic extractives of sapwood, are responsible for the synthesis of heartwood phenolic compounds. Nevertheless, heartwood formation in tropical species is still poorly understood, justifying future investigations into the identification of P1 and H1 that should provide new insights into the chemical mechanisms underlying decay resistance in teak. Furthermore, the use of samples frozen just after tree felling which allows maintaining the integrity of cells may provide relevant information concerning the heartwood formation process in teak. This could provide complementary knowledge concerning other mechanisms (enzymatic, oxidative pentose-phosphate pathway, etc.) involved in heartwood formation. That would make possible comparisons between the strategies that woody species have developed during their evolution to increase their natural durability through heartwood formation.
